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We propose an unconventional electron gun structure in which the emitter is located on a concave cathode surface with
a non-uniform electric field. Such a design violates the intuition that an emitter should place close to a uniform electric
field to reduce the velocity spread. The commonly employed design guide based on the adiabatic condition predicts a
huge velocity spread of 24%, but the simulation using EGUN code and verified with CST particle studio shows a very
low spread of 2.8%. Examining the magnetic moment and the kinetic energy of the beam reveals that the electrons
experience a relatively long acceleration process due to the much weak electric field. That’s why the non-adiabatic
effect matters. In addition to the cyclotron compression and the E×B drift, the “resonant” polarization drift plays
a crucial role in reducing the overall velocity spread. Simulations show a decent beam quality with the pitch factor
of 1.5 and the transverse velocity spread of 2.8% over a wide range of the magnetic field (7.4− 8.0 T) and the beam
voltage (12− 22 kV) with a high structural tolerance. The promising results with the wide working range enable the
development of continuous frequency-tunable gyrotrons.
Gyrotrons based on the mechanism of the electron cy-
clotron maser (ECM)1–3 is capable of producing high-power,
coherent, terahertz (THz) waves as compared with the clas-
sical vacuum electronic tubes. Through decades of devel-
opment, frequency-tunable gyrotrons receive more and more
attentions4–6 because of the frequency-sensitive applications,
such as the enhancement of nuclear magnetic resonance by
dynamic nuclear polarization (DNP-NMR) and the measure-
ment of the hyperfine splitting of positronium (Ps-HFS). The
beam-wave synchronism for gyrotrons is described as:
ω = kzvz+ sΩc, (1)
where ω is the angular frequency, kz is the wavenumber, and
s is the cyclotron harmonic number. Ωc is the relativistic
electron cyclotron frequency which is related to the mag-
netic field (B0) and the relativistic gamma factor (γ0), i.e.,
Ωc = eB0/m0γ0. e and m0 are the charge and the rest mass of
an electron. vz is the electron axial velocity which is associ-
ated with the beam voltage (Vb). Equation (1) predicts that the
frequency tunability of gyrotrons7,8 is attainable by adjusting
either B0 or Vb. Since the output power of gyrotrons is strongly
related to the quality of the electron beam, high-performance
electron guns deserve in-depth studies for frequency-tunable
gyrotrons.
Many types of electron guns have been proposed9–11 to
generate a high-quality beam with a high pitch factor (α)
and a low velocity spread (∆v/v). Magnetron injection gun
(MIG)12–14 consisting of a conical-shaped cathode is one of
the commonly used electron sources for gyrotrons. Elec-
trons emitted from a convex surface with a maximal elec-
tric field are quickly accelerated to a constant value of en-
ergy, i.e., p2⊥ + p
2
z = (1+α2)p2z = const.. Then, electrons
undergo a magnetic compression according to the adiabatic
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theory, where p2⊥/B is a constant of motion. These two in-
variant quantities imply a relation of the pitch factor:
α22 = α
2
1
f
1+α21 (1− f )
, (2)
where f is the magnetic compression ratio (= B2/B1). Equa-
tion (2) suggests that increasing the magnetic compression ra-
tio enhances the pitch factor of the electron beam under the
adiabatic condition.
In this study, we propose a diode-type electron gun to pro-
duce a high-quality annular beam. In contrast to the MIGs,
electrons are emitted from a concave cathode surface which
is usually used to generate the axis-encircling electron beam
(cusp gun)15,16. Figure 1(a) shows the proposed structure
(grey) overlaid with the magnetic field profile (black), beam
trajectories (red), and equal-potential lines (blue in the inset)
calculated with the beam voltage of 16 kV. Simulated elec-
tric field pattern is displayed in Fig. 1(b) with the maximal
field strength of 46 kV/cm. The emitter is placed, unconven-
tionally, at a weak and non-uniform electric field strength of
approximately 25 kV/cm. The cathode, featuring a nearly pla-
nar surface with a large emitter inclination angle (θe=84◦) and
a central notch, is capable of producing a laminar electron
beam. The annular emitter thickness of 1.0 mm suggests a
cathode loading (Jc) of 0.9− 4.5 A/cm2 with a beam current
of 0.2− 1.0 A. The maximal cathode loading is smaller than
the space-charge limit17 and ensures the lifetime of the emit-
ter. Simulations are carried out by the particle tracing code
(EGUN) and the CST Particle Studio. Both simulation results
agree well.
Considering the structural tolerance is essential for the de-
sign of a high-performance electron gun. Here we examine the
effect of the radius of the central notch and the emitter’s in-
clination angle (θe). Figure 2(a) shows the transverse velocity
spread and the pitch factor as functions of the notch radius by
using the EGUN code. The larger notch radius results in the
higher electric-field strength on the emitter surface due to the
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2FIG. 1. Sketch of the proposed electron gun. Structure of the cathode and the anode is drawn in grey lines with slashes. The magnetic
field profile is displayed in a black line and two representative trajectories of electrons are shown in red curves. The equal-potential lines are
depicted in the inset with Vb = 16 kV. (b) Electric field distribution (color scale) between electrodes overlaid with the central beam trajectory
(dotted-dash line) from the emitter surface (solid line). The emitter is located at a relatively weak electric field, resulting in a much longer
acceleration interval.
edge effect, which also enhance the pitch factor of the elec-
tron beam. The desired pitch factor of 1.5 is obtained at the
notch radius of 2.5 mm which also gives the local minimum of
transverse velocity spread. On the other hand, Fig. 2(b) shows
the beam quality as a function of the emitter inclination. The
pitch factor changes slightly with different inclination angles
while the transverse velocity spread increases gradually with
the rising emitter inclination. The transverse velocity spread
shows a low terrace and is insensitive to the inclination angle
in a range of 82◦ to 84◦. In short, Figure 2(a) and 2(b) indicate
that the beam quality is stable and insensitive to the machining
errors.
Reducing the velocity spread of the electron beam is im-
portant in improving the output efficiency of gyrotrons. The
axial and transverse velocity spreads are related through
the pitch factor under the adiabatic condition12, ∆vz/vz =
α2(∆v⊥/v⊥). The velocity spread is traditionally known to
be associated with the emitter thermal effect, the emitter sur-
face roughness12, and, most importantly, the fluctuation of the
electric and magnetic fields at emitter18. The first two effects
are related to the emitter characteristics which contribute a
small portion of the velocity spread as compared with the con-
tribution of the inhomogeneous electric and magnetic fields.
Under the adiabatic assumption, an extensively used equa-
tion which relates the transverse velocity spread and the fields
spread is displayed below12:
∆v⊥
v⊥
=
∆E⊥
E⊥
− 3
2
∆Bz
Bz
. (3)
However, this relation fails when the non-adiabatic process is
non-negligible. Tables I shows theoretical predictions based
on the adiabatic condition and simulated results. According to
Eq. (3), the large electric field spread (∆E⊥/E⊥ ∼ 24%) and
negligible magnetic field spread (∆Bz/Bz < 0.01%) at emitter
suggest a large transverse velocity spread (∆v⊥/v⊥ ∼ 24%),
which disagrees with simulated results (∆v⊥/v⊥ ∼ 2.8%).
FIG. 2. Sensitivity analysis of two geometric factors: (a) the notch
radius and (b) the cathode inclination, on the pitch factor and the
transverse velocity spread.
Therefore, analyzing the non-adiabatic effect during the elec-
tron acceleration may answer the mechanism of why the trans-
verse velocity spread is significantly reduced.
Figure 3(a) displays the magnetic moment (γm0v2⊥/2B, left
vertical axis) and the kinetic energy ((γ − 1)m0c2, right ver-
tical axis) as functions of the axial position z. The gradually
increased kinetic energy of electrons indicates the accelera-
tion or “non-adiabatic” process. On the other hand, constant
kinetic energy implies the “adiabatic” condition of electrons
3FIG. 3. The key parameters along the axial position based on the
EGUN simulation. (a) The magnetic moment (dash line) and the
kinetic energy (solid line) of the electron beam. Constants of the
magnetic moment and the kinetic energy define the non-adiabatic
and the adiabatic zones. (b) Transverse velocity spread (dash line)
and the pitch factor (solid line) of the electron beam along the z-
axis. The inset enlarges the beam qualities within the space between
electrodes (grey shaded area). The surge and the decrease of the
velocity spread are classified as phase 1 and phase 2, respectively.
(c) Transverse and axial electric field strengths experienced by the
inner and outer electrons.
without energy exchange. Changes of the kinetic energy and
the magnetic moment of electrons along the z-axis suggest a
range of non-adiabatic region before z = 4.2cm. The mag-
netic moment of electrons provides more detailed information
regarding the non-adiabatic process. Changes of the magnetic
moment in both phases are attributed to the cycloidal motion
in different directions. The periodic features in phase 2 come
from the contribution of non-zero transverse magnetic field
experienced by electrons in the cyclotron motion. The mag-
netic moment gradually reaches a constant value as electrons
move to the adiabatic region.
Figure 3(b) displays the transverse velocity spread and the
pitch factor of the electron beam as functions of the axial po-
sition z. The beam quality shows dramatic changes during
TABLE I. The predicted and simulated pitch factors agree well, but
the two velocity spreads differ greatly.
Magnetic compression ratio, f 67
Initial pitch factor, α0 0.095
Predicted pitch factor, α1 1.5a
Simulated pitch factor, α 1.5
Electric field variation, ∆E⊥/E⊥ 24%
Magnetic field variation, ∆Bz/Bz < 0.01%
Predicted velocity spread, ∆v1⊥/v1⊥ 24%b
Simulated velocity spread, ∆v⊥/v⊥ 2.8%
a based on Eq. (2)
b based on Eq. (3)
the non-adiabatic process and becomes stable when electrons
reach the adiabatic condition. Here we only focus on the non-
adiabatic behavior of electrons because there are extensive
studies on the adiabatic behaviors12,19. As electrons moving
forward, the transverse velocity spread rises from 24% to 32%
in phase 1 of the non-adiabatic region while the pitch factor
decreases from 0.095 to 0.05. However, in phase 2, the trans-
verse velocity spread declines rapidly from 32% to 2.8% while
the pitch factor rises from 0.05 to 0.12 and gradually increases
afterward. Figure 3(c) displays the electric field experienced
by electrons generated from the inner side (solid lines) and
the outer side (dashed lines) of the emitter. The transverse
field (E⊥) reverses from negative to positive in a range of −3
kV/cm to 5 kV/cm during the non-adiabatic process while the
axial field (Ez) gradually increases from −25 kV/cm. All the
electric field components approach zero when electrons pass
through the acceleration region. Comparison between Fig-
ure 3(b) and 3(c) suggest that the non-uniform electric field
experienced by electrons plays an important role to suppress
the transverse velocity spread of the electron beam. The sud-
den change of the velocity spread can be physically explained
by studying an electron motion with the non-uniform electric
and magnetic fields.
By considering the azimuthal symmetry in a cylindrical
system, non-uniform electric and magnetic fields can be writ-
ten as E= Er rˆ+Ezzˆ and B= Br rˆ+Bzzˆ. The non-zero trans-
verse magnetic field is attributed to the fringe effect of the
magnet. The equation of motion of an electron can be de-
scribed as:
v˙r =
q
m
(Er + vφBz), (4a)
v˙φ =
q
m
(vzBr− vrBz), (4b)
v˙z =
q
m
(Ez− vφBr). (4c)
Electron motion in the z-axis can be reduced into v˙z = qEz/m
because the contribution of the electric force is more signifi-
cant than the magnetic force during the acceleration. By dif-
ferentiating v˙r, v˙φ and rewriting the equation, we have
v¨r =
q
m
[E˙r +
q
m
Bz(vzBr− vrBz)], (5a)
v¨φ =
q2
m2
[(E×B)φ − vφ (B2z −B2r )]. (5b)
4FIG. 4. Transverse velocities of the inner (black lines) and the outer
(red lines) electrons: (a) the cyclotron velocities (vo) with the non-
uniform magnetic field, (b) the E×B drift velocities (vE ), (c) the
resonant polarization drift velocities (vp), and (d) the resultant ve-
locities based on Eq. (7).
Note that the electric fields experienced by a moving electron
are not constant. They are functions of positions which can be
transformed to functions of time as shown in Fig. 3(c). The
transverse electric component can further be expressed as a
function of time: Er(z) = Er(t) = E0eiωt . This relation can
be obtained from simulations, where ω will be very close to
the cyclotron frequency ωc = qBz/m. Eq. (5a) and (5b) can be
further simplified by merging contributions of the transverse
magnetic field into the cyclotron motion. It reads
v¨r =−ω2c (vr−
iω
ωc
E0eiωt
Bz
), (6a)
v¨φ =−ω2c [vφ +
(E×B)φ
B2z
]. (6b)
The transverse velocity of a single electron motion with the
non-uniform electric and magnetic fields can be decomposed
as
vt ≈ vo+vE +vp
= v⊥eiωct − E×BB2z
+
E˙r
ωcBz | 1−ω2/ω2c |
,
(7)
where vo is the cyclotron velocity in the non-uniform mag-
netic field, vE is the E×B drift velocity, and vp is the reso-
nant polarization drift velocity. Traditionally, in the design of
MIGs, only the cyclotron motion and the E×B drift are dis-
cussed. For the commonly used MIGs, the polarization drift
is ignorable because the change rate of time-varying electric
field experienced by the gyrating electrons is much larger than
the cyclotron frequency (ω  ωc). However, the polarization
FIG. 5. (a) The pitch factor and (b) the transverse velocity spread as
functions of the beam voltage and the magnetic field. The shadow
areas mark the region of interest.
drift can play an important role in the non-adiabatic process
when the frequency of the time-varying electric field approx-
imates to the cyclotron frequency, i.e., ω ≈ ωc. Figure 4 de-
composes all the velocities as shown in Eq. (7), where (a) the
corrected cyclotron drift, (b) the E×B drift, (c) the resonant
polarization drift, and (d) the overall transverse velocity. Both
the E×B drift and resonant polarization drift would increase
the velocity spread in phase 1 of the non-adiabatic process but
significantly reduce the velocity spread in phase 2.
Figure 5 displays the simulated results based on the EGUN
code verified by the CST particle studio. All the operating
parameters are listed in Tables II. The pitch factor and the
transverse velocity spread of the electron beam as functions
of the applied magnetic field and beam voltage are plotted in
Fig. 5(a) and 5(b), respectively. The beam voltage and applied
magnetic field have a simple and linear relation with the pitch
factor as follows:
α = 1.5+0.135× (Vb−16)−0.63× (B0−7.7), (8)
where B0 is in the unit of Tesla and Vb is in the unit of kV. The
transverse velocity spread, on the other hand, has a complex
dependence on both B0 and Vb with a relation:
∆v⊥/v⊥(%) = 2.6+0.0215× (Vb−19)2
+0.3× (B0−8)2
−0.125× (Vb−19)(B0−8).
(9)
5TABLE II. Gun parameters.
Beam voltage, Vb 12−22 kV
Magnetic field, B0 7.4−8.0 T
Beam current, Ib 0.2−1.0 A
Cathode loading, Jemi 0.9−4.5 A/cm2
Cathode inclination, θe 84◦
Peak electric field 46 kV/cm
Emitter electric field 23−29 kV/cm
Emitter radius, rc 3.5 mm
Emitter length, lemi 1.0 mm
Beam radius, rb 0.44 mm
Pitch factor, α 1.0−2.4
Transverse velocity spread, ∆v⊥/v⊥ 2.8−3.6%
The transverse velocity spread is small and good enough for
the applications of frequency-tunable gyrotrons. Adjusting ei-
ther Vb from 15 to 17 kV or B0 from 7.4 to 8.0 T will maintain
a high pitch factor of 1.5 and a minimal transverse velocity
spread of 2.8%. The working ranges for Vb and B0 are broad
and can be further extended depending on the requirements
of gyrotron operation. Comparing with the previous MIG20,
the proposed electron gun provides a decent beam quality. By
using the similar interacting structure21 we expect to obtain a
peak efficiency of 30% with a 3-dB tuning bandwidth of 8.5
GHz for a beam current of 0.5 A.
In conclusion, we proposed an unconventional cathode
structure featuring a nearly planar emitter surface and a notch
on the concave cathode, where the electrons have a much
longer acceleration period, called the non-adiabatic process.
Sensitivity analysis shows that the proposed electrode struc-
tures provide a very stable operation condition with high
machining tolerance. The astonishing difference between
theory and simulation is explained from the adiabatic and
non-adiabatic viewpoints. The E×B drift and the resonant
polarization drift account for the low velocity spread under
such a non-uniform and weak electric field. This diode-type
electron gun can produce an electron beam with the high pitch
factor of 1.5 and the low transverse velocity spread of 2.8%
over a very wide parameter space spanned by the magnetic
field (7.4− 8.0 T) and the beam voltage (12− 22 kV). The
proposed design frees the limitation that the emitter should
place at uniform and maximal electric fields and points out
that the non-adiabatic process may be beneficial and plays a
critical role in the electron gun design.
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